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Myostatin: more than just a regulator of
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The presence of sufficient skeletal muscle mass is of paramount importance for body function and the
myostatin cascade is known to inhibit muscle growth in mammals. In addition, myostatin seems to have
an important role in the cross-talk between skeletal muscle and adipose tissue and is involved in insulin
sensitivity. In this article we highlight the latest developments related to the myostatin system,
emphasizing therapeutic implications for wasting diseases and also the involvement of the system in
other organs, in addition to skeletal muscle, such as heart or adipose tissue. Moreover, we highlight the
possible role of the myostatin system in the cross-talk between skeletal muscle and adipose tissue, an
important aspect that deserves consideration in wasting diseases.

Myostatin: a muscle regulator

Myostatin, also known as growth and differentiation factor-8
(GDF-8), is a member of the transforming growth factor-p (TGF-
B) superfamily of secreted growth factors and is a negative reg-
ulator of skeletal muscle development [1-3]. During embryogen-
esis [4], myostatin expression is restricted to developing skeletal
muscles, but the protein is still expressed and secreted by skeletal
muscles in adulthood [5,6]. Mice and cattle with genetic deficien-
cies in myostatin exhibit dramatic increases in skeletal muscle
mass, therefore supporting the role of myostatin in suppressing
muscle growth [7]. Myostatin acts systemically [it is produced in
muscle and adipose tissue (to a lesser extend) and released in the
circulation] and binds to cell-surface receptors causing muscle loss
(Fig. 1). The myostatin protein circulates in the blood in a latent
form as a full-length precursor, which is cleaved into an amino-
terminal pro-peptide and a carboxy-terminal mature region: the
active form of the molecule. Once activated, myostatin has high
affinity for the activin IIB receptor (Acvr2b, also known as ActRIIB)
and weak affinity for Acvr2a (also known as ActRII and ActRIIA),
both of which, similar to other receptors for TGF- family mem-
bers, bind multiple ligands [8,9]. In addition to the role of myos-
tatin in skeletal muscle, the peptide has been shown to have a role
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in adipose and other tissues. This aspect will be analysed in this
article.

Myostatin and muscle wasting: the molecular link
Skeletal muscle can both respond and adapt to changing environ-
mental stimuli, leading to a set of metabolic and morphological
adaptations that enable it to better meet the energy demands of
sustained physical activity. Muscle wasting is associated with
catabolic states, such as cancer and infection and is characterized
by a decrease in myofibrillar protein content that leads not only to
adecrease in skeletal muscle mass, but also in performance [10,11].
In both skeletal muscle and circulation, myostatin is found in
inactive complexes of differing composition with other proteins,
such as its own pro-peptide, follistatin-like 3 (Fstl3, also known as
follistatin-related gene (FLRG)), and latent TGF-B binding protein
[12-14]. The mechanism of activation of these inactive complexes
(or whether all of these complexes are capable of being activated) is
unknown. For complexes containing the pro-peptide, activation
probably requires proteolysis of the pro-peptide, perhaps by spe-
cific target cells [15,16]. Active myostatin binds to its receptor
ActRIIB with high affinity and regulates the expression of target
genes through a TGF-B signalling pathway (Fig. 1) [6]. Myostatin
signalling acts through this receptor on skeletal muscle by setting
in motion an intracellular cascade of events. First, there is pre-
sumed recruitment of a type I co-receptor. Activin receptor-like
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FIGURE 1
Myostatin signalling in skeletal muscle. Myostatin increases protein degradation
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and decreases protein synthesis by activation of the SMAD complex and by

MAPKs and through PI3K/AKT pathway. This results in activation of atrogenic gene expression and inactivation of protein synthesis. In addition, myostatin inhibits
the myogenic program, thus resulting in a decrease of myoblast proliferation. Abbreviations: JNK: c-Jun N-terminal kinase; MAPKs: mitogen-activated protein
kinases. ELK1/2: Ets LiKe gene1; ActRIIA: Activin receptor type IIA; ActRIIB: Activin receptor type IIB; ALK: anaplastic lymphoma receptor tyrosine kinase; PI3K:

Phosphatidylinositol 3-kinases; MuRF-1: Muscle RING-finger protein-1; EIF-2: Euka

kinases 4 and/or 5 (ALK-4, ALK-5) represent candidate co-receptors
that are phosphorylated by ActRIIB (Fig. 1). This in turn leads to
phosphorylation of TGF-a specific Smads 2 and 3, which forms a
complex with Smad 4. The Smad 2/3/4 complex is translocated to
the nucleus, to regulate expression of targeted genes such as MyoD
and other myogenic regulatory factors (Fig. 1) [17]. Smad associ-
ates MyoD and inhibits its action [18], therefore suggesting a role
in the inhibition of myogenesis. In addition, myostatin can also
activate the p38 mitogen-activated protein (MAP)K, Erk1/2, Wnt
and c-Jun N-terminal kinase (JNK) signalling pathways (Fig. 1)
[6,19-22].

Inhibition of myostatin by injection of neutralizing antibodies
or antagonists causes an increase in skeletal muscle mass and
therefore myostatin inhibitors have generated great interest as
candidates for treatment of muscle wasting diseases [9,23]. By
contrast, ectopic expression of myostatin induces atrophy in adult
skeletal muscle by decreasing muscle structural genes such as those
of myofibrillar proteins (myosin heavy-chain IIb, troponin I and

ryotic Initiation Factor 2; Pax7: Paired box protein 7.

desmin) and myogenic transcription factors (MyoD and myogenin)
[24].

Myostatin induces muscle wasting partly by activating the
ubiquitin proteolytic system. It has to be pointed out that the
muscle loss associated with wasting diseases is linked with an
important activation of proteolysis, both in experimental animals
[25,26] and humans [27,28]. Among the proteolytic systems
involved in protein degradation in muscle during catabolic con-
ditions, the ubiquitin—proteasome system is considered to be the
main one [29]. Indeed, the ubiquitin-associated genes atrogin-1,
MuRF-1 and 14-kDa ubiquitin-conjugating enzyme E2 (E214k) are
upregulated following myostatin treatment (Fig. 1) [30]. In fact,
myostatin signalling is able to inhibit Akt phosphorylation there-
fore downregulating the IGF-1/PI3K/AKT hypertrophy pathway
(Fig. 1). Myostatin also increases the levels of the active form of the
transcription factor FoxO1, enabling increased expression of atro-
phy-related genes (atrogenes). Although myostatin does not exert
its action through Nuclear Factor Kappa B (NF-«B) [30], NF-«B
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responsive elements have been found in the promoter of the FLRG,
thus indirectly regulating myostatin activity [31].

In addition to muscle protein degradation, myostatin seems to
be involved in the control of myogenesis (Fig. 1). Indeed, myos-
tatin can decrease myoblast proliferation in C2C12 cells. It has
been suggested that in myoblasts treated with myostatin there is a
hypophosphorylation of the Rb protein, suggesting an increase in
p21 expression and a decrease in cdk2 protein and activity, thus
resulting in an accumulation of hypophosphorylated Rb protein
which in turn, leads to the arrest of myoblasts in G1 phase of the
cell cycle [32]. Fusion of undifferentiated myoblasts into multi-
nucleated myotubes is a prerequisite for myogenesis. Similar
observations have been performed with myotubes, where myos-
tatin inhibits DNA and protein synthesis, therefore affecting cell
proliferation [33]. Therefore, from a clinical point of view, the
relevance of blocking the myostatin system seems obvious because
it would not only ameliorate muscle wasting but also facilitate
myogenesis.

Myostatin in different cachexias

Muscle wasting is associated with different pathological states, all
of them leading to cachexia. Cachexia is a term originating from
the Greek ‘Kakos’ and ‘hexis’, meaning ‘bad condition’. The
cachectic state is observed in many pathological conditions, such
as cancer, chronic obstructive pulmonary disease (COPD), sepsis or
chronic heart failure (CHF). A 2008 consensus states that cachexia
is ‘a complex metabolic syndrome associated with underlying
illness and characterized by loss of muscle with or without loss
of fat mass’. The prominent clinical feature of cachexia is weight
loss in adults (corrected for fluid retention) or growth failure in
children (excluding endocrine disorders). Anorexia, inflamma-
tion, insulin resistance and increased muscle protein breakdown
are frequently associated with wasting disease. Wasting disease is
distinct from starvation, age-related loss of muscle mass, primary
depression, malabsorption and hyperthyroidism and is associated
with increased morbidity [34]. More recently, Fearon et al. have
defined cachexia as: ‘a multifactorial syndrome defined by an
ongoing loss of skeletal muscle mass (with or without loss of fat
mass) that cannot be fully reversed by conventional nutritional
support and leads to progressive functional impairment. Its patho-
physiology is characterized by a negative protein and energy
balance driven by a variable combination of reduced food intake
and abnormal metabolism’ [35].

It has been demonstrated that systemic overexpression of myos-
tatin in adult mice could induce profound cachexia with muscle
and fat loss analogous to that which is seen in human cancer
cachexia syndromes [36].

Cancer

Muscle wasting associated with cancer is a complex process
where many mediators seem to be involved, including cytokines
[37,38]. Muscle myostatin signalling is enhanced in experimental
cancer cachexia. An alteration of the balance myostatin and/or
follistatin has been shown in cachectic tumour-bearing rats
[39]. The administration of pentoxyfilline resulted in decreased
myostatin expression, suggesting a potential influence of TNF-a
in the role of myostatin during cancer. In differentiated C2C12
cells, TNF-a induced the expression of myostatin through a

p38MAPK-dependent pathway involving NF-kB [40]. Using a
myostatin-targeted 2’-O-methyl antisense RNA, it has been shown
that the administration of the antisense molecules increased
muscle weight, both in normal adult mice and in a cancer cachexia
mouse model [41]. This effect was specific and is associated with
the downregulation of the target gene myostatin and the upregula-
tion of the myostatin-modulated myogenic factor MyoD. The same
authors [42], using a modified RNA oligonucleotide targeting the
FoxO1 mRNA in muscle cells, showed that the oligonucleotide
could decrease the expression of FoxO1 in cells and in vivo, leading
to an increase in muscle weight and this being associated with the
downregulation of myostatin and upregulation of MyoD. These
data clearly support the role of FoxO1 in myostatin activation.
Very recently, it has been shown that systemic administration of
the activin receptor extracellular domain/Fc fusion protein
(ACVR2B-Fc) can inhibit muscle wasting in cachectic mice bearing
the colon-26 carcinoma and the Lewis lung carcinoma [43].
Furthermore, the authors also observed that myostatin knockout
mice implanted intramuscularly with either Lewis lung carcinoma
or B16F20 melanoma cells are more sensitive to tumour-induced
cachexia, therefore concluding that host-derived myostatin is not
the sole mediator of wasting in cancer [43]. Using a similar
approach of pharmacological blockage of the ActRIIB pathway,
it has been demonstrated that blocking myostatin signalling not
only prevents muscle wasting by reversing muscle loss but also
prolongs survival in cachectic tumour-bearing mice [44]. The
results of the study suggest a potential control effect of the anti-
myostatin treatment because no improvement in inflammatory
markers was observed after the treatment [44]. Recent data suggest
that alterations in myostatin signalling are also present in human
subjects affected by gastric and lung cancer [45].

Chronic heart failure

Cardiac cachexia is characterized by a severe loss of skeletal
muscle, weakness, and exercise intolerance, although the cause
of these effects remains unknown. It has been recently speculated
that the heart functions as an endocrine organ in promoting
systemic cachexia by secreting peptide factors, such as myostatin
[46]. In their study, cardiomyocyte-specific overexpression of
myostatin induced muscle wasting in mice. They also reported
that systemic inhibition of myostatin with a blocking antibody in
pre-existing heart failure in mice could maintain overall muscle
weight at values of sham-operated control mice [46]. Similar
observations concerning elevations of myostatin expression in
heart have been made using an experimental CHF model [40].
Exercise resulted in a decrease in heart myostatin expression,
therefore accounting for the beneficial anti-catabolic effects of
exercise in CHF both in experimental models [47] and in human
patients [48]. In addition, direct inhibition of myostatin in CHF
has shown to positively impact skeletal muscle mass [48].

AIDS

The serum and intramuscular concentrations of myostatin-immu-
noreactive protein, are increased in HIV-infected men with weight
loss compared with healthy subjects and correlate inversely with
fat-free mass index [49], this supports the hypothesis that myos-
tatin is an attenuator of skeletal muscle growth in adult men and
contributes to muscle wasting in HIV-infected patients.
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COPD

An induction of myostatin expression in skeletal muscle of
hypoxemic patients with severe COPD has been demonstrated
[50]. In addition, using human cell muscle cultures, the same study
shows an induction of the myostatin expression in myotubes
under hypoxic conditions, suggesting that myostatin can have
an essential role in the adaptation of skeletal muscle to hypoxic
conditions [50]. Other studies have also shown alterations in
myostatin expression in COPD patients both in skeletal muscles
[51] and diaphragm [52].

Myostatin in other muscle wasting conditions
Sarcopenia

Age-related skeletal muscle sarcopenia is linked with increases in
falls, fractures, and death and therefore has important socioeco-
nomic consequences. The molecular mechanisms controlling age-
related muscle loss in humans are not well understood, but are
likely to involve multiple signalling pathways. It has been found
that both myostatin mRNA and protein levels are significantly
elevated in old rats, suggesting an involvement of the protein in
age-related muscle wasting [53]. In addition, myostatin-null mice
are less prone to sarcopenia and loss of muscle regenerative
capacity [54]. Middle-aged men and women had higher serum
myostatin levels than young men and women, fat-free mass and
muscle mass being inversely correlated with serum myostatin
protein concentrations [55]. In addition, antibody-directed myos-
tatin inhibition in aged mice attenuated the decline in muscle
mass and function, partly by reducing apoptosis [56].

Duchenne muscular dystrophy and limb-girdle muscular
dystrophy 1C

Duchenne muscular dystrophy (DMD) is a recessive disease owing
to a mutation in the dystrophin gene. Myoblast transplantation
permits to introduce the dystrophin gene in dystrophic muscle
fibres. However, the success of this approach is reduced by the
short duration of the regeneration following the transplantation,
which reduces the number of hybrid fibres. Myoblast transplanta-
tion is enhanced by blocking the myostatin signal with the
antagonist follistatin [57]. Blocking myostatin activity by using
lentivirus carrying a dominant-negative mutant of ActRIIB
resulted in improved myoblast transplantation by increasing cell
proliferation and fusion [58]. In addition, several studies with
dystrophic mice (mdx), a murine model of DMD, have shown that
myostatin blockade results in improvement of muscle mass and
function [59-62]. Caveolin-3, the muscle-specific isoform of
caveolins, has important roles in signal transduction. Domi-
nant-negative mutations of the caveolin-3 gene cause autosomal
dominant limb-girdle muscular dystrophy 1C (LGMD1C) with loss
of caveolin-3. However, identification of the precise molecular
mechanism leading to muscular atrophy in caveolin-3-deficient
muscle has remained elusive. It has been shown that caveolin-3
normally suppresses the myostatin-mediated signal, thereby pre-
venting muscular atrophy, and that hyperactivation of myostatin
signalling participates in the pathogenesis of muscular atrophy in
a mouse model of LGMDI1C [63]. Myostatin inhibition could be a
promising therapy for LGMD1C patients. However, in a murine
model of LGMD2 C, myostatin blockade improved muscle func-
tion but not histopathology [64]. In addition to muscle wasting

diseases, the myostatin system seems to be involved in other
pathological states.

Insulin resistance and diabetes
In addition to the effects of myostatin on muscle mass and protein
accretion, this protein also has an important role in tissue glucose
uptake. Blocking myostatin expression results in increased insulin
sensitivity associated with increased adiponectin secretion from
adipose tissue. In transgenic mice with depressed myostatin func-
tion (through muscle-specific expression of the cDNA sequence
encoding for the pro-peptide of myostatin), a high (45%) fat diet
did not cause glucose intolerance or insulin resistance, as com-
pared with the wild-type animals. In the transgenic animals insu-
lin signalling (as measured by Akt phosphorylation) was
significantly elevated [65]. It has been shown that myostatin-
deficient mice exhibit reduced insulin resistance through activat-
ing the AMP (adenosine monophosphate)-activated protein kinase
signalling pathway [66]. This supports a role for myostatin in
regulating insulin signalling. Adiponectin is an insulin-sensitizing
adipokine known to stimulate fatty acid oxidation in skeletal
muscle. An increased secretion of adiponectin might promote
energy partition towards skeletal muscles. This suggests a bene-
ficial interaction between muscle and adipose tissue, and might
have a role in preventing obesity and insulin resistance. Using a
soluble activin receptor type IIB, it has been demonstrated an
increase in adiponectin levels together with an increased periph-
eral glucose uptake [67]. Other pathological states depending on
insulin production also seem to be influenced by myostatin.
Myostatin has also been associated with type I (insulin-dependent)
diabetes mellitus. Muscle myostatin expression levels increase in
early stages of type I diabetes in mice. The expression pattern was
closely correlated with loss of body weight and atrogin-1 expres-
sion. Furthermore, induction of myostatin expression could be
attenuated by insulin in type I diabetic mice [68].

The role of myostatin in increasing insulin sensitivity in skeletal
muscle is of particular interest in type II diabetic patients.

A putative factor involved in muscle-adipose cross-talk
Traditionally, the regulation of adipose and skeletal muscle masses
has always been considered independent. However, different stu-
dies suggest that they might be interconnected [69,70]. A potential
cross-talk between skeletal muscle and adipose tissue has been
proposed and linked with the control of body weight, both fat
stores and muscle mass [69]. This represents a completely new way
to understand the regulation of body weight control, both total
and lean body weight. Adipose tissue and skeletal muscle are
reciprocally regulated in two different ways. In normal conditions,
signals coming from both tissues might possibly regulate their
expansion reciprocally. Therefore, an adequate muscle/adipose
mass ratio is maintained. In catabolic conditions different reci-
procal signals are released to avoid excessive loss of either adipose
or muscle tissue. A direct relationship between skeletal muscle
mass or activity and adipose tissue mass has been indirectly
suggested in several studies discussing the fact that endurance
training, in addition to prevent insulin resistance in humans, can
influence both adipose and muscle mass in normal and obese
animals and humans. Very recently, Das et al. have shown that
adipose triglyceride lipase and hormone-sensitive lipase might
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have a key role in muscle wasting activation because gene-defi-
cient mice for these enzymes do not show muscle wasting when
challenged with a caquectic tumour [71].

The Mstn gene is expressed at low levels in adipose tissue and
myostatin protein is found in circulation, suggesting that myos-
tatin could have a direct role in regulating adipocyte differentia-
tion or function. In vitro, myostatin promotes adipogenesis in the
multipotential C3H 10T1/2 mesenchymal cell line [72,73] and
inhibits adipogenesis in 3T3L1 preadipocytes, indicating that
myostatin actions are different during determination and differ-
entiation steps. In vivo, Mstn overexpression in adipose tissue
results in small immature adipocytes, increased energy expendi-
ture and resistance to diet-induced obesity [74]. Furthermore, the
expression of Mstn, Fstl3, and Acvr2b is upregulated in adipocytes
from obese mice, suggesting that myostatin signalling might have
arole in the response of adipocytes to obesity [74]. Interestingly in
the case of follistatin, it seems that the stromal-vascular compo-
nent is involved in its secretion rather than the adipocytes [75].

It has been shown that increased secretion and expression of
myostatin in skeletal muscle from morbid obese women with
insulin resistance [76]. Similarly, weight loss reduction results in
a decrease in myostatin expression levels [77].

Adipose tissue communicates with skeletal muscle not only
through free fatty acids, but also through secretion of various
products called adipokines. Adipokines came out as regulators
of insulin sensitivity, which are deregulated in obesity. In addition
to the well known leptin, adiponectin, interleukin-6 and TNF-a,
newer adipokines like retinol-binding protein 4 have been asso-
ciated with insulin resistance. There is rising evidence that, not
only adipose tissue, but also skeletal muscle produces and secretes
biologically active proteins or ‘myokines’ that facilitate metabolic
cross-talk between organ systems. Myostatin-deficient mice have a
dramatic increase in muscle mass together with a significant
reduction in fat depots and a depression of adipogenesis [78].
They also have a resistance to diet-induced and genetic obesity.
This suggests that myostatin could have an important role in the
cross-talk between skeletal muscle and adipose tissue (Fig. 2) [69].
However, recent studies suggest that myostatin inhibition in
muscle, but not in adipose tissue, decreases fat mass and improves
insulin sensitivity, suggesting that the decrease in fat mass in
myostatin-deficient mice is simply a consequence of metabolic
changes in skeletal muscle.

Additional information suggests that myostatin might have an
important role in adipose tissue. Zhang et al. reported that the
absence of myostatin results in an enhanced peripheral tissue fatty
acid oxidation and increased thermogenesis therefore increasing
fat utilization and reducing storage [79]. On the same lines,
Nakatani et al. have observed that inhibition of myostatin with
a follistatin-derived peptide results in a decrease on adipocyte size,
therefore preventing obesity in mice. The treatment also pre-
vented hepatic steatosis and improved glucose tolerance [80]. Li
et al. suggested that myostatin regulates preadipocite differentia-
tion and lipid metabolism in adipose tissue, this effect being
exerted by activation of ERK1/2 [81].

From the data presented, it thus becomes clear that myostatin
clearly influences fat mass and this could have positive therapeutic
implications in the treatment of obesity and of insulin resistance
associated with obesity.

Therapeutic implications and future research

The data presented clearly suggest that, in addition to adipose
tissue, skeletal muscle behaves as an endocrine organ; releasing
molecules (i.e. myostatin) that have effects on distant targets. This
new vision of the adipose-muscular axis could contribute to the
future design of new therapeutic approaches for the treatment of
diseases related with body weight control, such as obesity or
cachexia.

Blocking the myostatin signalling pathway by specific inhibi-
tors might be useful for farming production, treatment of muscle
diseases, inhibition of muscle atrophy and last, but not least, as
life style drugs in anti-ageing therapies or manipulation of the
muscle to fat ratio. Myostatin blockers include myostatin-block-
ing antibodies, myostatin pro-peptide, follistatin and follistatin-
related proteins, soluble myostatin receptors, small interfering
RNA and small chemical inhibitors. However, particular care will
be necessary for the use of myostatin blocking strategies in
clinical practice. For instance, deacetylase inhibitors have been
shown to increase muscle cell size by promoting myoblast
recruitment and fusion through induction of follistatin [82],
Interestingly, in both dystrophin- and a-sarcoglycan-deficient
mice, deacetylase inhibitors increase the size of myofibres by
inducing follistatin expression in satellite cells [83]. However,
the use of these compounds has not been very successful in
cancer wasting [43,84].

The influence of exercise on myostatin deserves special atten-
tion. From this point of view, following bicycle or swimming
exercise in mice, there was a marked increase in plasma follistatin
possibly released from the liver [85]. Similarly, post-exercise
changes in myostatin and ActRIIB expression in obese insulin-
resistant rats have been observed [86]. It has recently been shown
that moderate aerobic exercise in insulin-resistant subjects leads to
an improvement in insulin sensitivity, which was accompanied by
a decrease in circulating myostatin [87]. Similarly, decreases in
plasma myostatin following exercise have also been reported in
CHF [88] and in stroke patients [89].

The lack of myostatin promotes growth of skeletal muscle, and
blockade of its activity has been proposed as a treatment for
various muscle-wasting disorders. However, it has been reported
that, despite the larger muscle mass in comparison to age-matched
wild-types, there was no increase in maximum tetanic strength
generation, but when expressed as a function of muscle size
(specific strength), muscles of myostatin-deficient mice were
weaker than wild-type muscles [90]. In addition, Mstn (—/-)
muscle contracted and relaxed faster during a single twitch and
had a marked increase in the number of type IIb fibres relative to
wild-type controls, this change being also accompanied by a
significant increase in type IIB fibres containing tubular aggre-
gates. Overall, these results suggest that lack of myostatin com-
promises strength production in association with loss of oxidative
characteristics of the skeletal muscle [90].

Emphasis on myostatin inhibition emerges because treating
muscle disorders by most pharmacologic approaches has been
disappointing. Glucocorticosteroids, the only beneficial drug
treatment for muscular dystrophy, are virtually entirely targeted
towards the DMD population. Even in this patient group, the
mechanism of benefit is poorly understood, and the evidence that
muscle mass is increased is meagre. For genetic muscle diseases,
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FIGURE 2

Metabolic cross-talk between skeletal muscle and adipose tissue. The effects
of myostatin on skeletal muscle are related to both protein accretion and
myogenesis. In adipose tissue myostatin increases fat accumulation and
increases adipogenesis. Therefore, it acts, as a factor that promotes adipose
tissue and decreases skeletal muscle mass. Adiponectin, released by adipose
cells, improves insulin sensitivity. It actually acts as a factor which facilitates
protein accumulation in skeletal muscle because muscle proteolysis is
favoured in insulin resistance conditions. By contrast, myostatin might
influence adiponectin synthesis in adipose cells, thus evidencing the
opposite roles of these two proteins [95].

gene manipulation strategies are on the horizon, including gene
replacement, exon skipping and mutation suppression. Despite
enthusiasm, experimental studies suggest that these approaches
usually fall short of returning function to normal. Combinational
approaches that include partial correction of the underlying
defect (i.e. microdystrophin) combined with increasing muscle
size and strength appear to offer more. For muscle diseases where
correction of the underlying defect might not be an option,
increasing muscle size and strength might be opportune for both
geneticand acquired muscle diseases where treatment options are
limited. Examples include some forms of muscular dystrophy
where gene manipulation strategies are not yet applicable [e.g.
facioscapulohumeral dystrophy (FSHD)], acquired disorders such
as sporadic inclusion body myositis, where pharmacologic treat-
ment failures predominate, or cachectic disorders related to can-
cer or ageing that might be ideally suited for a muscle-enhancing
approach.
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Another interesting aspect with possible therapeutic implica-
tions is the fact that myostatin can interact with extracellular
matrix components, such as fibronectin, laminin, among others
[91]. From this point of view, decorin, a small leucine-rich pro-
teoglycan, can sequester myostatin in the extracellular matrix
preventing its inhibitory action on myoblast proliferation in vitro
[92]. Furthermore, overexpression of decorin was able to suppress
the activity of myostatin endogenously synthesized in C2C12
myoblasts and attenuated the signalling of exogenous myostatin
[92].

Several studies suggest that nutritional approaches, in particular
using glutamine, might be useful in partially blocking the myos-
tatin effects. It has been shown that in vivo administration of
glutamine to experimental animals partly prevents glucocorticos-
teroid-induced myostatin and muscle atrophy [93]. Similar results
have been observed in C2C12 cells cultures where glutamine
supplementation effectively prevented TNF-a-induced muscle
protein loss and restored normal myostatin levels [94].
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Concluding remarks

Altogether, we can conclude that, in addition to gene correction
therapy and cell transplantation techniques, multidisciplinary
approaches to drug discovery and development offer promising
therapeutic strategies for intractable genetic muscular disorders,
including muscular dystrophy. Indeed, inhibition of the produc-
tion and activity of myostatin [41,43,44,83], a potent growth
factor that determines skeletal muscle size, is a novel potential
strategy for the treatment of muscle-wasting disorders, such as
muscular dystrophy, cachexia and sarcopenia.

The fact that myostatin-deficient mice have a dramatic
increase in muscle mass together with a significant reduction
in fat depots and a depression of adipogenesis, points towards
myostatin having a role not only in muscle but also in adipose
tissue and this fact could have therapeutic implications in the
treatment of obesity.

Future studies should both concentrate on the inhibition of
myostatin in relation with disease and involve human subjects
owing to the small number of clinical investigations in relation
with myostatin.
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